In the previous studies, the populations in Tibet exhibited a complicated genetic structure, indicating that those populations might be the admixture of East Asian and South/Central Asian populations, or have a North Asian origin. However, there have not been sufficient genetic data to support this hypothesis. In this study, we analyzed 15 autosomal polymorphic tetranucleotide short tandem repeat loci (D5S818, FGA, D8S1179, D21S11, D7S820, CSF1PO, D3S1358, TH01, D13S317, D16S539, D2S1338, D19S433, vWA, TPOX, D18S51) for three populations from Tibet, namely, Deng/Mishmi (n¼114), Qamdo Tibetan (n¼78) and Lhasa Tibetan (n¼101). The total number of observed alleles and the average heterozygosity for all samples were 394 and 0.7574, respectively. Analysis of molecular variance and estimated G ST (0.0198) for these allele frequency data suggested the genetic divergence among Tibetan populations was significant. Furthermore, our new allele frequency data for 13 loci were compared with those of 41 world populations previously reported. Results from phylogenetic and multidimensional scaling analyses indicated that: (1) the Deng in Tibet has unique genetic characteristics different from the Tibetans; (2) populations living in the Himalayas area (Deng, Luoba/Adi) composed of a distinct cluster and are closely related to each other than to any other ethnic groups in East Asia; (3) the Tibetans are most similar to the North Asians. This genetic structure is consistent with the geographical barriers and linguistic classifications.
INTRODUCTION
Tibet, a land full of mystery in the southwest of China, bordering on India, Nepal, Bhutan, Burma and so on, has many minorities other than the Tibetans, most of which have seldom been studied genetically. The most distinctive one of the minorities in Tibet, Deng, also known as Mishmi (means uncivilized people), is a unique population in the Himalayas in Southeast Tibet (291N, 961E) surrounded by the Tibetans and Luoba/Adi people. The languages of Deng (two dialects: Darang and Geman) were classified as North Assam branch of SinoTibetan family Tibeto-Burman subfamily (http://www.ethnologue.-com), together with the Luoba languages. However, with a total population of around 28 000(2001 census) but only 1000 in the area controlled by China, the ethnic affiliation of Deng is yet to be determined officially in China, although Deng people claim to be descendents of Luoba (an official minority of China). 1 Neither of the Deng or Luoba people have any feeling of identity with the Tibetans, the dominant population of Tibet whose languages form a Himalayish Tibetan branch of Tibeto-Burman subfamily, and are divided into three distinctive major branches (Figure 1 ): Weizang (Central Tibetan in Lhasa, Rikaze, Shannan and so on), Amdo (northern Tibetan in Qinghai, Gansu and Aba prefecture of Sichuan), Khams (Eastern Tibetan in Ganzi of Sichuan, Deqing of Yunnan and Qamdo of Tibet) 2 and four minor branches. Previous studies using classical genetic traits, 3 autosomal microsatellite markers 4, 5 and mitochondrial DNA 6 suggest a North Asian origin of Tibetans, while evidences from the Y chromosomal Alu insertion (YAP) marker reveal much more intricate stories for the origin of Tibetan peoples. [7] [8] [9] [10] Not like the Tibetan studies, genetic study on Deng population is totally absent in literature to date, and nothing is known about their origin. Therefore, a genetic study of Deng and comparative analyses with the relevant populations, including Luoba, Tibetans and other East Asians, may shed light on the origin of the Himalayan unique populations.
Short tandem repeats (STRs), also known as microsatellites, are most widely used to elucidate human population histories [11] [12] [13] [14] and population structures. 15 Moreover, the STR loci are especially valuable for the study of genetic relationships of closely related populations. [16] [17] [18] [19] In this study, we applied the autosomal STR variation analysis to three population samples from Tibet to explore the peopling of the Himalayas.
MATERIALS AND METHODS

Population samples
The population samples collected and analyzed in this study include Deng (n¼114) from Zayü County of Nyingchi Prefecture, and Tibetans from Lhasa Prefecture (n¼101) and Qamdo Prefecture (n¼78). All volunteers gave their informed content before their participation of the study. As we have mentioned, languages of Deng are within the North Assam branch of TibetoBurman and the Tibetan languages within the Himalayan branch. The Lhasa Tibetan is Central Tibetan (Weizang), and the Qamdo Tibetan is Eastern Tibetan (Khams or Kangba). The geographical locations and other general information of these samples are in Figure 1 and Table 1 . To obtain a global picture of the genetic affiliation of the Tibetan Plateau populations to the populations of interest, data on 41 populations were compiled from literature (Table 1) , including fourteen Tibeto-Burman populations, five Han Chinese populations, seven Altaic populations, five Tai-Kadai populations, two Hmong-Mien populations, one Austronesian population, three Austro-Asiatic populations and two Indo-Iranian populations in addition to the data on Europeans and Africans. Considering a possible connection between Deng and Luoba/Adi linguistically, all Luoba samples in the area controlled by China and Adi samples in the area controlled by India that have been studied are included in the subsequent analyses.
STR genotyping
Whole-blood samples were collected in EDTA vacutainer tubes by venipuncture from unrelated healthy indigenous individuals of Tibet. Ancestry of the samples was ascertained for three generations back in order to define autochthony. Genomic DNA was extracted by the standard phenol-chloroform procedure 53 or the Chelex-100 protocol. 54 For each sample, 15 most widely used forensic loci were amplified simultaneously using AmpFl STR Identifier PCR Amplification Kit (Applied Biosystems, Foster City, CA, USA) at the D8S1179, D21S11, D7S820, CSF1PO, D3S1358, TH01, D13S317, D16S539, D2S1338, D19S433, vWA, TPOX, D18S51, D5S818 and FGA STR loci. PCR amplifications were performed using 1.0-2.5 ng DNA amount in a final volume of 12 ml. DNA was amplified in a GeneAmp PCR System 9600 thermal cycler (Perkin-Elmer, Applied Biosystems). Amplified STR fragments were analyzed with an ABI PRISM 3100 Avant DNA Analyzer (Applied Biosystems Division/PerkinElmer). An internal size standard (GeneScan 500 LIZ, Perkin-Elmer, Applied Biosystems) was included. We also sequenced some samples for each locus to confirm the repeat number. Genotyping of each sample was analyzed using GeneScan 3.7 and Genotyper 3.7 software (Applied Biosystems, Foster City, CA, USA) by comparison with supplied allelic ladders. For some samples releasing peaks of abnormal shapes during genotyping, we chose to redo the genotyping or resequence to prevent spurious amplification. Allelic designations followed the recommendations of the DNA Commission of the International Society for Forensic Haemogenetics (DNA recommendations, 1994).
Statistical analyses
The allele frequencies were calculated by a single-gene counting method. Arlequin software version 3.1 was used to obtain observed and expected heterozygosity. 55, 56 Tests for Hardy-Weinberg equilibrium were performed using a likelihood ratio test 57 and an exact test 58 to prevent miscalling STR genotypes or biased sampling. Locus-by-locus hierarchal analysis of molecular variance is carried out using Arlequin 3.1 software.
The G ST values and H t were estimated using DISPAN (http://mep.bio.psu/ downlods/dispan.zip). The genetic distances were calculated from the allele frequency data at all the 13 STR loci (excluding D2S1338 and D19S433) by D A 59 distance with the NJBAFD (http://iubio.bio.indiana.edu/soft/molbio/ evolve/njbafd/), and y W (F ST ) distance 60 with the PHYLIP 3.65c. 61 The phylogenetic trees were constructed by the Neighbor-joining (NJ) method 62 using the MEGA v4.0 63 and the allele frequency data, at 13 STR loci, of 44 populations by combining three populations typed in this study and 41 other 
RESULTS
Diversity of Deng and other Himalayan populations
Fifteen STR markers were typed in three populations sampled from Tibet (Deng, Lhasa Tibetan and Qamdo Tibetan) and their allele frequencies along with a number of genetic and polymorphic parameters of interest are provided in Supplementary Table 1 . Deviation from Hardy-Weinberg equilibrium was tested for all possible loci by two methods: likelihood ratio test and exact test, respectively. No significant deviation was observed after Bonferroni correction for either test, indicating that our samples well represent the populations and most probably no miscalling of the STR allele happened.
To assess the diversity of Deng in comparison with other TibetanHimalayan (T-H) populations, the data of 15 STRs of other 10 T-H population samples ( Figure 1 ) were added to our three population samples in the subsequent analyses. The total numbers of alleles were 127 (number of unique allele¼8), 132 (1) and 135 (1) in Deng, Lhasa Tibetan and Qamdo Tibetan, respectively. The proportion of unique alleles varies from 0.74% (in Qamdo Tibetan) to 7.34% (in Adi Pasi1) in 13 T-H populations, and that of Deng is 6.30%. Unique alleles in the Tibetans are much fewer than the North Assam populations. The average heterozygosity values ranged from 0.7248 (Deng) to 0.7868 (Bhutanese) among 13 T-H populations, and that of Deng is the lowest (Table 2) . Table 2 ) was reconstructed by using the NJ method and shown in Figure 2 . Deng, Luoba and the other six Adi populations first clustered with bootstrap value 67, indicating a close genetic relationship among these North Assam populations, all on the south of the Himalayas. The Tibetan populations also clustered with the North Assam populations with bootstrap value 67, forming a monophyletic structure. Other branches of the phylogeny are less reliable, given their small bootstrap values, although the population samples clustered well by the geographical distributions. Typing more loci will help to confirm the genetic relationships between these ethnic groups.
Phylogenetic analyses and genetic structure
The results of MDS analysis using pairwise D A distance between populations demonstrated the genetic relationships among populations (Figure 3) . Again, Luoba and six Adi populations form a cluster. However, Deng becomes an outlier of the cluster including all eight North Assam populations reported. The Tibetans are also close to each other. Interestingly, most of the Altaic samples (T2-T7 in Figure 3 ) from North Asia are closest to the Tibetans, indicating the close relationship between the Tibetans and North Asians, which has been hypothesized by many previous studies. [3] [4] [5] [6] 
Genetic differentiation between Deng and other Himalayan populations
Result from single analysis is usually unreliable. Here we tried to use multiple analyses to assess the population relationship. The G ST values among populations, as a measure of genetic differentiation, were calculated as shown in Figure 3 . However, the G ST value among the Tibetans (0.0075) was only half of that between the Tibetans and Deng (0.0146), and the G ST Therefore, Deng can only be grouped into the Adi/Luoba cluster. The G ST value among the four populations from Tibet (Deng, Lhasa Tibetan, Qamdo Tibetan and Luoba) was 0.0181, larger than the value among the Tibetans, Deng-Adi or Deng-Tibetans, but less than that among the seven Adi or eight North Assam. The four populations are all located in the present Tibet Autonomous Region, and therefore the relatively low G ST value among these four populations may indicate the recent gene flows among them during the time of the Tibet Autonomous Region. The F ST values among these four populations from Tibet were also estimated using analysis of molecular variance and were also shown in Table 3 . The F ST value, presented as a percentage of variation among populations, was 2.00% averaged over 15 loci, and was 43.65% at both TPOX and D13S317. The variances among the populations at locus TPOX was more significant than that of the other loci by analysis of molecular variance, indicating that TPOX is most variable among the 15 loci. The G ST value averaged at TPOX was 0.0161 in the seven Adi populations, but about half of the values in the eight North Assam populations (0.0342), showing that this locus responds mostly for the difference between Adi and Deng. The H t value averaged is 0.7792 at 15 loci in 13 populations, and is the lowest (0.6203) at TPOX.
The allele frequency distribution of Deng also show the characters different from other North Assam, for example, the frequencies of allele 10 at locus TH01 and allele 13 (CSF1PO) were 17.11 and 15% in Deng, while 0-1.2% and 3.5-8.6% in other seven Adi populations. The frequency of allele 11 at TPOX is 9.21% in Deng, and is 25-32.26% in Adi (Supplementary Table 1 ).
DISCUSSION
Genetic segregation of the populations in Tibet
The aim of this study was to analyze the substructures of the populations residing in Tibet, and to examine the genetic relationship of the Tibetans and other Himalayan populations by using a set of autosomal markers. To achieve this aim, we analyzed genetic diversity of 293 unrelated individuals including Deng, Lhasa Tibetan and Qamdo Tibetan at 15 most commonly used autosomal STRs. These STR loci exhibited high diversity and were useful for the elucidation of population history and the genetic diversity among neighbor subpopulations. For technical considerations, these sites are easy for genotyping and scoring, and therefore, can be widely used to describe the population genetic feature.
In this study, our phylogenetic analyses of the population samples revealed that the populations in Tibet are quite similar to each other and different from the other East Asians and even far from the South Asians genetically (Figures 2 and 3) , which is similar to the results of other studies. 5, 9, 64, 65 Tibetan populations live mainly in the Tibetan plateau that located on the north of the Himalayas. The Himalayas harbors most of the highest peaks of the world and forms a natural barrier between the Tibetan plateau and the Indian subcontinent. These unique geographical features of the Tibetan landscape may have contributed to the genetic variety. However, we did see the close relationship between the Tibetans and the North Asians in this study, supporting the North Asian origin of the Tibetans suggested by many studies. [3] [4] [5] [6] The long history of isolation in this plateau resulted in the T-H populations' unique genetic structure. The history of T-H populations may be quite old. 9 Archeological findings have revealed late Paleolithic inhabitation of the Tibetan plateau, dating the initial entry of modern humans to approximately 25-30 thousand years ago (KYA). 66 However, the discovery of Neolithic sites, 67 genetic data 9, 68 and linguistic studies 69 indicate populating of the plateau during the Neolithic period. Tibeto-Burman speakers are the major inhabitants of the Himalayas and the Tibetan Plateau. They occupy the territories of present Bhutan, Myanmar, Nepal, Assam and Tibet. This linguistic subfamily also extended into the eastern part of Southeast Asia. 9, 65, 70 Ethnologically, the Tibeto-Burman subfamily corresponds to 'Di-Qiang' groups. According to history records, Di-Qiang tribes of northwestern China had migrated southward around 3 KYA, admixing with native residents on arrival. 9, 10, 64, 65, 71 Su and coworkers suggested that the Bodic (on the north of the Himalayas) and Baric (on the south of the Himalayas) branches 72 of the Tibeto-Burman subfamily populated Tibet and Nepal around 5-6 KYA.
Genetic structure of Deng population
Deng is a relatively small population in the Himalayas, with little contact with the people outside. Therefore, they were believed to be quite isolated and different to the neighboring populations genetically. However, little genetic studies have been conducted on this population and little was known about their origin. In this study, we found that STR allele distribution patterns exhibit considerable variation between Deng and other 12 neighboring populations. Deng showed somewhat lower range of total alleles (127) and higher of unique alleles (8) compared with the other 12 populations. The average observed heterozygosity of Deng was 0.7248, and was the lowest in 13 T-H populations, and the G ST values of North Assam populations including Deng are higher than that excluding Deng (Table 3) , reflecting Deng population's considerable isolation and inbreeding. These results were similar to those of the other isolated populations previously reported. 13, [73] [74] [75] Lower gene diversity of Deng (0.7218) further accentuated the effect of the inbreeding among them. Therefore, we indicated that Deng might have developed from very few founders, and been isolated from the neighboring Adi and Tibetans for quite long time. However, compared with the results of the Andamanese 73 by the same analyses, the time isolated of Deng should be much shorter. Judging from the phylogenetic tree and the MDS plot, Deng is closer to the Adi populations than to the Tibetans. Maybe, Adi/Luoba and Deng people have most recent common ancestors, supporting the claim of Deng people to be officially identified as Luoba.
Genetic relationship of Deng to other Himalayan or Asian population
Using D A genetic distances estimated from STR loci to measure the relationships among the populations is well accepted. 76 In this paper, we applied D A distance to STR data of our population samples and 41 reference populations from literature including Adi/Luoba, Tibetans, Han Chinese, Indians, Japanese, Koreans and other populations (Table 1 ). In the NJ tree transformed from the D A distances (Figure 2) , the main clusters of the tree were associated to the linguistic families and geographical distributions. Most of the bootstrap values were moderate to high, whereas some were quite low, such as those within Han Chinese populations, southwest minorities of China and Northeast Asians. These low values indicated that the 15 loci we used did not have high enough resolution for the structure within very similar population groups; thus more loci should be typed. However, for our T-H populations, these markers resulted in robust enough phylogenetic structure. The T-H populations clustered tightly, indicating gene flows or shared ancestors between these two groups. Similar to the close relationship between Deng and Adi revealed by the NJ tree, Deng was in the North Assam cluster and closest to the Luoba in the tree. Therefore, the NJ tree clearly illustrated that Deng was different from the Tibetans and close to the Adi/Luoba people, and the T-H populations were genetically quite far from the other East Asians, and even far from the Indians. MDS plot also showed a similar pattern with Deng being closest to the Adi cluster, and then the Tibetan cluster, and very far from the Indians. The genetic effects of the geographical barrier and ethnic segregation between Sino-Tibetan populations and Indians were pronounced, consistent with the results of Krithika et al. 77 The genetic difference between North Assam populations and the East Asians shown by MDS plot might have resulted from either the gene flow from the South Asians to the North Assam populations or the genetic drift of these populations in the Himalayas. However, the Indians were even farther from the North Assam cluster in the MDS plot and NJ tree, suggesting no detectable gene flow from South Asians. Therefore, the deviation of the North Assam populations from the other East Asians was most probably resulted from the genetic drift. Deng and Adi/Luoba populations are all small and isolated in the valleys on the south of the Himalayas, and have a long history of inhabitancy in this area, living on hunting and gathering. The hard lifestyles had made the populations increase very slowly, or stop increasing, and sometimes even reduce, resulting in genetic drift.
The origin of Tibetans is widely debated. Previous genetic studies using classic markers, 78 Y chromosome single-nucleotide polymorphism (SNP) and Y-STR, 5 and mitochondrial DNA 6 had depicted that Tibetans were clustered along with Northeast Asian group including Koreans, Japanese and Mongolians, thereby suggesting a North Asian origin. However, another report using Y-chromosome biallelic markers argued for the peopling of Tibet, Nepal and Bhutan by East Asians from the upper Yellow River region in China. 9, 65, 68 Other studies suggested that the high frequency of the Y Alu insertion (YAP) in the Tibetan population signals a significant genetic contribution from Central Asia. 8 Our result of NJ tree showed that Tibetan populations formed a distinctive cluster in the range of East Asians, not close to the Northeast or Southeast Asians but populations located closely beside the Tibetan Plateau; for example, Salar, Bai and Drung. However, the MDS plot showed that the Tibetans were quite close to the Altaic populations from North Asia, consistent with some of the previous studies.
In this study, we demonstrated the unique genetic structures of the Tibetan and Himalayan populations by analyzing the autosomal STR data. Further study using Y-STR, Y-SNP and mitochondrial DNA markers will be necessary to reconstruct more authentic history of the peopling of Tibet.
